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Abstract 

This contract ,  Studies of the Struc ture  of t h e  Ionosphere, was established 

t o  study t h e  ionospheric p r o f i l e  up t o  lo00 km with an ion  t r a p  and t w o  mss 

spectrometers flown i n  a Javelin sounding rocket. 

spectrometer 

it and an ion t r a p  i n  a Nike-Apache rocket preliminary t o  t h e  mre expensive 

Zaveiin f l i g h t .  

so a second Nike-Apache f l i g h t  was added to t h e  program. From t h e  second 

f l i g h t  ion  concentration and valuable ion temperature data w e r e  obtained. 

The latter data showed unexpected temperature s t r a t i f i c a t i o n  i n  the  E- ana 

lower F-regions at  midday with peak-to-valley temperature differences of 

severa l  hundred degrees. 

The quadrupole ion  msu 

required f l ight t e s t i n g  and t h i s  was accomplished by f l y i n g  

The nose cone of the  first Nike-Apache f a i l e d  t o  e j e c t  

The Jave l in  rocket containing a n  ion  trap, a quadrupole ion  mass 

spectrometer, and a magnetic l i g h t  i o n  w s s  spectrometer was flown near l o c a l  

midnight on July 7, 1964. 

obtained from the  ion  t r a p  and &n ion composition (mass range 12-48 amu) 

p r o f i l e  w a s  obtained from the  quadrupole mass spectrometer. Unexpected 

rocket motims rendered analysis d i f f i c u l t ,  but t h e  r e s u l t s  are nevertheless 

Ion concentration and temperature p ro f i l e s  were 

meaningful. 
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The curves 

The l i g h t  ion  was  
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Figure 13 Total  and partial ion conposition with bes t  guesses f o r  rocket 

motion and ionic  composition. 

Least; squares fit of theore t ica l  cha rac t e r i s t i c  curve t o  one 

set of data a t  apogee. 

uncertainty and not absolute. 

Ion temperature and vehicle p o t e n t i a l  values obtained f o r  several  

cha rac t e r i s t i c  curves near apogee. 

are s t a t i s t i c a l  and rzot abwlu te .  

Mass spectrometer telemetry record. 

telemetry record showing sweep voltage,  range, and signal.  Four 

d i s t i n c t  mass peaks a r e  observed. 

e 
Figure 14 

The indicated uncertainty i s  a s t a t i s t i c a l  

Figure 15 

The individual  uncer ta in t ies  

Figure 16 A t yp ica l  sect ion of t he  

F l igh t  time i s  1004 see. 

Figure 17 Ion mass spectrometer current vs. flight time: Ion mass 

spectrometer current vs. f l i g h t  kime fo r  mass peaks 16 and 18. 

Figure 18 Ion mass spectrometer current vs. f l i g h t  t i m e .  Ion mass 

spectrometer current vs. f l i g h t  t i m e  f o r  mass p e a s  30 and 46. 
-I- 

Figure 19 Concentration of O ions vs. a l t i t ude .  The O r 6  ion  concentration 16 
i s  p lo t ted  as a function of a l t i t u d e  f o r  t h e  downward portion of 

t he  vehicle f l i g h t .  
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STUDIES OF TKE STRU@IICTRE: O F  THE IONOSPKERE 

11”TROWTCIIION 

Goals - 
The main purpose of t h i s  program was  t o  study the  ionospheric s t ruc tu re  

hy Ee=sinjpG profiles c?,t v ~ i ~ i ~ : ,  iszsspherfc nfira~ters  from a i - i i l e  

a l t i t u d e  sounding rocket, t h e  Jave l in  rocket. The information obtained 

would hopefully contribute t o  our understanding of t he  complex phenomena 

which occur i n  the  F-region of the ionosphere. 

t o  be flown i n  t he  Jave l in  rocket required f l i g h t  t e s t i n g  i n  a lower a l t i t u d e  

(and hence less expensive) rocket. Thus, t he  program included a Nike-Apache 

flight of instruments similar to those intended f o r  t h e  Jave l in  f l i g h t .  

The s t ruc tu re  of t h e  ionosphere was t o  be studied by making simultaneous 

measurements of the  t o t a l  ion  concentration, the  r e l a t i v e  composition of t he  

ions from 1 amu t o  48 amu, and the  average k ine t ic  energy (o r  t enpe ra twe)  

of t h e  ions. 

load which included an ion energy analyzer ( Ion Trap), a Paul-type quadrupole 

ion mass spectrometer t o  operate over t h e  range of 12 t o  48 amu, and a 

magnetic-type l i g h t  ion mass spectrometer t o  operate i n  t h e  range 1 t o  16 

mu. With t h i s  spectrometer payload it was  expected t h a t  t he  a l t i t u d e  a t  

which He ions predominate, and the a l t i t L d e  at  which H ions finally pre- 

One of the  instruments 

To acconplish t h i s  t h e  Jave l in  rocket w a s  provided with a pay- 

+ + 

dominate i n  the  ionosphere could be e a s i l y  obtained i n  addi t ion t o  t h e  

o ther  objectives of t he  mission. To he lp  insure being ab le  t o  de tec t  these 

d i f fus ive ly  separated layers  t h e  Javelin f l i g h t  w a s  conducted a t  night wheli 

these l i g h t  ion l aye r s  are expected t o  be lowest i n  a l t i t ude .  a 
1 
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F l i g h t  Schedule 

"he f irst  e f fo r t  t o  f l i g h t  t e s t  t h e  q,Jacirupole spectrometer i n  a 

Nike-Apache (14.30) payload was attempted 23 August 1962 but  w a s  unsuccessful 

presumably due t o  f a i l u r e  of t h e  rocket nose cone t o  properly e j e c t  and 

expose the  instruments t o  the  ionosphere. 

payload, i d e n t i c a l  with the  first except f o r  an  improved nose-cone separation 

technique, was flown from Wallops I s land  on 8 May 1963. 

f l i g h t  object ives  were m e t  because t h e  quadrupole spectrometer f a i l e d  t o  

produce ion  peaks. However, a large coning angle seemed evident from t h e  

telemetry records which, w i th  se-Jere entrance angle l imi ta t ions  and somewhat  

low s e n s i t i v i t y  i n  the  spectrometer, could account f o r  t h e  lack  of data. 

The ion t r ap ,  with a wide acceptance angle, obtained valuable and i n t e r e s t -  

i n g  data. 

of t he  Jave l in  8.03 payload on 7 October 1964 from Wallops Is land,  Virginia. 

Although the  telemetry record gives strong evidence f o r  a l a rge r  rocket 

coning angle than expected, valuable data were obtained from the  quadrupole 

ion mass spectrometer and f ron  the ion  t rap .  

spectrometer f a i l e d  t o  operate, presumably as a r e s u l t  of a component 

failure i n  the  device. 

Javelin f l i g h t  must be considered a success from the  data  t h a t  were obtained. 

A second Nike-Apache (14.110) 

Not a l l  of t h e  

The culmination of t h i s  program came with the successful  f l i g h t  

The magnetic l i g h t  ion  mass 

Even without t h e  l i g h t  ion mass spectrometer t h e  

Results 

The general  r e s u l t s  of t h i s  program are t h a t  a n  ion concentration and 

temperature p r o f i l e  has been obtained between 100 and 160 km, t he  temperature 

p r o f i l e  showing the  unusual behavior of a wave-like s t ruc tu re  superimposed 

upon t h e  expected gradual increase with a l t i t u d e  which suggests temperature 

2 
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s t r a t i f i c a t i o n  a t  midday. 

p r o f i l e  from 260 t o  1000 km has been obtained near midnight. 

t i m e ,  t h e  major "heavy" ion  consti tuent 

Further, an  ion concentration and ion temperature 

A t  the  same e 
p r o f i l e s  have been measured i n  t h e  

same a l t i t u d e  region. 

NIKE-APACKE 14.30 

F l i g h t  Information 

~ ~ ~ ~ e - & ~ c ~ e  lb.33 ss;ne-.. rocket  E<...-d D--- T L l l - - -  T-1 w a a  ILLCU L ~ V U  ~ Q ~ L A U P ~  Laland, 

Virginia,  23 August 1962 at  1710 UT. The s c i e n t i f i c  instruments included i n  

t h i s  payload w e r e  a quadrupole ion  mass spectrometer and a hemispherical i on  

energy analyzer. The payload section from t h i s  rocket i s  shown i n  Figure 1. 

The two s c i e n t i f i c  instruments a r e  mounted near t he  top  of t h e  payload sect ion 

so t h a t  they may be located i n  t h e  ram posi t ion of t h e  rocket during the  f l i g h t  

( t h e i r  entrance faces  are covered i n  t h e  figure). 

shown on t h e  l e f t  and t h e  quadrupole mass spectrometer i s  shown on t h e  r i g h t  

of t h e  payload i n  t h e  figure. 

bz t t e ry  pack, power cmver t e r s  and telemetry ,qrst.m used for t h i s  f l i g h t .  

The tubing running along the  l e f t  s ide of t h e  payload is  p a r t  of a d r y  ni-rogen 

f lu sh  system t o  keep the  mass spectrometer c lean and free from contaminatim. 

For f l i g h t  a tubular  cover sect ion f i t s  over t h e  payload sect ion with an 

e jec tab le  nose cone t o  expose t h e  s c i e n t i f i c  instruments t o  t h e  ambient 

ionosphere. 

cy l ind r i ca l  i n su la to r s  i n t o  which were screwed t h e  t u r n s t i l e  antenna f o r  t h e  

telemetry system and a set of smaller metal l ic  cyl inders  which served a s  

exhaust vents f o r  t h e  payload section during rocket ascent before t h e  nose 

cone i s  removed. 

The i o n  energy analyzer i s  

Below these two instruments are located t h e  

On t h e  bottom p a r t  of t h e  payload can be seen a set of dark 

3 



Resul ts  a 
!The object ives  of t h i s  f l ight were: (1) t o  provide in - f l i gh t  t e s t i n g  

of t h e  quadrupole mass spectrometer, (2) t o  measure the  ambient ion  com- 

pos i t ion  with a l t i t ude ,  and (3) to measure the  anibient ion concentration 

and temperature with a l t i t ude .  Unfortunately, none of these  objectives 

were s a t i s f a c t o r i l y  accomplished due, apparently, t o  t h e  failure of the  

i luse  cone to e j e c t  anci expose t n e  s c i e n t i f i c  instruments. No t e l l k l e  

s i g n a l  t o  ind ica te  pos i t ive  nose separation w a s  provided on t h i s  f l i g h t  so 

it i s  not possible t o  be absolutely ce r t a in  of w h a t  happened t o  the  nose 

cone. 

meter indicated pos i t i ve  f i r i n g  of t he  n w e  cone pyrotechnics, but  no ion 

s igna ls  were observed i n  e i t h e r  instrument. 

applied t o  both s c i e n t i f i c  i n s t m e n t s ,  as indicated by the  sweep outputs 

on t h e  telemetry, and s ince computation showed t h a t  an  ion  current  should 

have been observed i n  t h e  ion  energy analyzer regardless  of vehicle or ienta-  

t i on ,  it seems log ica l  t o  conclude t h a t  the mse cone failed to separate 

from the payload. 

The sens i t ive  electrometers of both the  ion t r a p  and the  mass spectro- 

Since power was def in i t e ly  

It could be noted i n  passing that the  Nike-Apache rocket performance 

on t h i s  f l i g h t  was  far from sat isfactory,  apogee being only 129 km instead 

of t h e  predicted 168 km. 

completely accounted f o r  t he  f a i lu re  t o  obtain usable s c i e n t i f i c  data. 

However, it i s  qu i t e  unl ikely that t h i s  could have 

NIKE-APACHE 14. U O  

F l igh t  Information 

The Bike-Apache 14,110 sounding rocket w a s  f i r e d  from Wallops Island, 

Virginia,  8 May 1963, a t  1723 UT. 

was the  same as f o r  t he  Nike-Apache 14.30 described i n  t he  previous section. 

The s c i e n t i f i c  payload for t h i s  rocket 

4 
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Figure 1 also appl ies  t o  the 14.UO pa rload. 

i n  t h i s  rocket w a s  t he  inclusion of an  improved nose cone '&paration scneme 

and a t e l l t a l e  signal t o  ver i fy  nose cone separation. 

Resul ts  

The onl s ign i f i can t  c l a n g e  
0 4  

The sc i en t i f i c  objectives c f  t h i s  f l ight remained the  same as f o r  the 

unsuccessful 14.30 fl ight.  These objectives were only p a r t i a l l y  m e t ,  but  

---A y c b  ----_ V ~ L T -  valuable s c i e n t i f i c  data were obtained from t h i s  flight. The 

rocket  performed s a t i s f a c t o r i l y  zarrying the  payload t o  a peak a l t i t u d e  

of 167 Inn. The nose cone re lease  mechanism operated and pos i t ive  indicat ion 

of nose separation w a s  obtained from the te l l ta le  designed fo r  that purpose. 

V e r y  usefu l  and valuable data w e r e  obtained from the ion  energy analyzer 

t he  r e s u l t s  of which w i l l  follow. 

was obtained. 

However, no mass composition information 

From a l l  available indicat ion the quadrupole mass spectrometer 

was working e l e c t r i c a l l y ,  but no mass peaks were observed from it. 

it was exposed t o  the ionosphere and s ince  it appeared t o  be working 

Since 

e l e c t r i c e l l y ,  we concluded that the durrent s e n s i t i v i t y  was t o o  low and the  

usable entrance cone too srnall f o r  the  angle of a t t ack  of the rocket. Such 

a conclusion i s  only a presumption since the re  were no or ien ta t ion  sensors 

on t h i s  rocket. 

Ion Trap Analysis and In te rpre ta t ion  

Instrument 

The s ign i f i can t  s c i e n t i f i c  r e s u l t s  obtained from t h i s  f l i g h t  have 

been reported i n  d e t a i l  i n  t h e  s c i e n t i f i c  literature (Knudsen and Sharp, 1965) 

so only a brief discussion w i l l  be given here. The construction of t he  i m  

t r a p  i s  i l l u s t r a t e d  schematically i n  Figure 2. The pr inc ip le  of operation i s  

5 



. 
t h e  same as that of planar ion t raps  reported elsewhere (Pearse, 1962; Hanson 

and KcKibben, 1961). 

geometry of the grids and col lector  p l a t e  has been replaced by a hemispherical 

The comtruct ion is unique i n  that the usual plane 

geometry. With this hemispherical g r i d  construction, t h e  shape of t he  ion 

cur ren t  versus re tarding po ten t i a l  curve is not changed by a change i n  t h e  

angle of a t t ack  K when t h e  t r a p  i s  t rave l ing  through the  plasma with a 

ve loc i ty  la rge  compared with the  thermal ve loc i t i e s  of t h e  ions. The ampli- 

tude of the  curve is a l t e r ed  by a change i n  K because of t he  change i n  the  

e f f ec t ive  area of the  aperture,  but t h e  geometry of t he  e l e c t r i c  f i e l d  seen 

by t h e  ions i s  not changed. The suppressor g r i d  and co l lec tor  w e r e  main- 

ta ined  respect ively a t  -4 and 0 vol t s  r e l a t i v e  t o  t h e  rocket body through 

t h e  f l i g h t .  

Data 

A t y p i c a l  i n t e r v a l  of  data obtained from t h e  f l i g h t  i s  i l l u s t r a t e d  

The re ta rd ing  poten t ia l  and three  ion  current  t r aces  are shown by Figure 3 .  

as a function of t i m e .  

and back t o  4.5 v o l t s  approximately every two seconds. 

was measured a t  approximately oiie-second in te rva ls .  

ing  a l t i t u d e  spacing w a s  oce kiloixster. 

The retardi;Ig po ten t i a l  w a s  swept from 4 . 5  t o  -0.5 

Thus, temperature 

N e a r  100 km t h e  correspond- 

The behavior of the ion current with retarding po ten t i a l  can be 

understood as follows. Ions enter  t he  surface gr id  with a mean energy eV 

but  with individual  energies d is t r ibu ted  about t h i s  mean value consis tent  

with t h e  l o c a l  ion ic  temperature. 

pos i t ive  po ten t i a l  r e l a t i v e  t o  Vn, an in s ign i f i can t  number of  ions have 

s u f f l c i e n t  energy t o  reach the co l lec tor .  

m’ 

With t h e  retarding p o t e n t i a l  a t  a l a rge  

As t h e  re tarding p o t e n t i a l  de- 

creases,  t h e  number of p a r t i c l e s  with su f f i c i en t  energy t o  reacn t h e  co l l ec to r  a 
6 



increases  u n t i l  all ions are collected. 

p o t e n t i a l  does not increase tne ion current.  

Further  decrease i n  the  retarding 

The ac tua l  behavior of t h e  i o n  current  as i l l u s t r a t e d  i n  Figure 3 

contains  instrumental  additions.  

continuously throughout the  f l i g h t  independently of t h e  state of the  re- 

t a rd ing  potent ia l .  

rate of the  rocket and was assumed t o  be e lec t ronic  i n  or igin.  

Systematic e lec t ronic  noise occurred r a the r  

The period of this noise was j u s t  half  that of t h e  r o i l  

W i n g  the  

i n t e r v a l  of t he  re ta rd ing  poten t ia l  cycle when t h e  ion  current  is not expected 

t o  vary, a de f in i t e  modulation of the ion current  can be observed. 

fundamental frequency of the  modulation has the  same period as the  e lec t ronic  

noise. 

decreasing from 16 of t he  mean i o n  current  near 100 kilometers t o  approximately 

9 a t  160 km. 

angle of a t t a c k  of t h e  rocket was not zero and as t h e  rocket ro ta ted  abou? 

i t s  symmetry axis the  ion current t o  the  co l l ec to r  w a s  modulated by s m a l l  

geometrical changes i n  t h e  transmission of t h e  gr ids .  Modulation of t h i s  

type would increase with increase i n  angle of a t t ack  when the  vehicle  was 

msring reasonably fast r e l a t i v e  t o  the thermal ve loc i ty  of t h e  pa r t i c l e s .  

The 

The amplitude of the modulation varied slowly throughout t he  f l i g h t ,  

O u r  explanation f o r  t h e  ion current  modulation i s  that t h e  

I n  addi t ion t o  t h e  preceding disturbances, a shallow depression can be 

seen i n  the  i o n  current  centered on t h e  lower turning point of t h e  re ta rd ing  

p o t e n t i a l  t race .  

t o  imperfections i n  t h e  e lec t ronic  apparatus; it i s  believed t o  be caused by 

a decrease i n  the  e f f ec t ive  transmission coef f ic ien t  of t h e  re ta rd ing  po ten t i a l  

g r i d  as the  po ten t i a l  i s  decreased. 

tend t o  be repel led from the  wires toward the  center  of  t h e  g r i d  openings; 

This behavior occurred cons is ten t ly  and cannot be a t t r i b u t e d  

With t h e  g r i d  pos i t ive ,  t h e  ions would 

7 



with t h e  g r i d  negative the  ions would be a t t r ac t ed  t D w a r d  the  wires. A 

decrease i n  transmission of 1@ can be understood i n  t h i s  manner and i s  

t h e  approximate decrease observed. 

Data Analysis 

After  d ig i t i za t ion  of t he  analog s igna ls  a t  a rate of 312 poin ts  

A t i m e  i n t e rva l ,  per sec, t he  data w e r e  numerically processed as follows. 

--1 '---- ----- 
po ten t i a l  t r a c e  and equal t o  thc  period T of t h e  systematic e lec t ronic  

noise w a s  Fourier analyzed t o  determine t h e  coef f ic ien ts  of t h e  harmonics 

up to t h e  fourteenth. 

then subtracted from the  t i m e  i n t e rva l s  A t  ( =  0.3 sec)  and At By 

t h i s  process the  systematic e lectronic  noise was removed from t h e  two  t i m e  

i n t e r v a l s  . 

A+ ( q p p  Bi U I ~ T D  3 ) ,  ee~tered ~2 -&e ~2px +-*--*-- U U L L U l l &  --: YdLllb -A U I  -- bllt: - retarding 

The s igna l  reconstructed from these  harmonics w a s  

(= 27). 
2 3 

3 The ion current  telemetry Voltage behavior during t i m e  i n t e r v a l  A t  

was then assumed to be of t h e  form 

I ( % )  = Io[l + g ( t  - to)] T R ( r )  + R(t)  (1) 

where I(t) is the  t o t a l  ion current; Io[ 1 + g ( t  - to)] i s  a l i n e a r  va r i a t ion  

r e su l t i ng  from temporal change i n  rocket veloci ty ,  s p a t i a l  change i n  ion  

concentration, and/or change i n  angle of a t tack;  T R ( t )  i s  the  periodic 

transmission coeff ic ient ;  R ( t )  i s  a random noise component introduced by the 

telemetry channel; t i s  t h e  t i m e ;  and t 

po ten t i a l  t u rn ing  point. 

i s  the  time of t he  lower re ta ra ing  

TR(t) and R ( t )  are assumed t o  have t h e  proper t ies  

0 
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m x  T R ( t )  = 1.0 

f' + ' R ( t )  d t  = 0 
t2 

where T is  t h e  common period of both t h e  systematic e lec t ronic  noise and 

ALvIA L.LLLAcl iL ,  iGvuUlabiuu, a d  6 fs a s m a l l  f rac t ion  of T. 

analysis of I(t) within the  in t e rva l  A t  

w e r e  then determined, and I(t), within t h e  t i m e  i n t e r v a l  At2, w a s  corrected 

using the  following formula: 

i-.. -..---...J- -,a*- -t--- i jy  appropriate 

t h e  parameters I , g, and TR(t) 3' 0 

where I*(t) i s  t h e  corrected ion current, and t 

t o  the middle of t h e  in t e rva lAt2 .  

i s  the  t i m e  corresponding m 

I n  this way changes i n  the  i o n  current  during i n t e r v a l  A t  r e su l t i ng  from 2 

systematic e lec t ronic  noise, moaulation, and changes i n  the  ambient ion con- 

cent ra t ion  and angle of a t t ack  were removed. 

i n t e r v a l  At4 w a s  corrected i n  an analogous way. 

(g  f 0) was removed only when g was s ign i f i can t  as determined by the  statistics 

of t h e  data. 

The ion  current  within t i m e  

Any l i n e a r  t rend i n  t h e  data 

Random noise corresponding t o  R( t) introduced i n t o  the  re ta rd ing  po ten t i a l  

telemetry s igna l  was removed i n  analysis  by f i t t i n g  a s t r a i g h t  l i n e  i n t o  t h e  

observed signal by t h e  least squares technique. 

9 



The procedure described above resu l ted  i n  a set of data consisting of 

94 p a i r s  of corrected and correlated ion m r r e n t  and re ta rd icg  poten t ia l  

values f o r  each sweep of the  retarding po ten t i a l  between i t s  l imits .  

temperature, ion concentration, and rocket po ten t i a l  w e r e  determined f o r  

each set of data by select ing t h e  values of these parameters which mini- 

mized the sum of t h e  squares of  t h e  deviations of t h e  experimental ion 

current  data  from t he  theore t ica l ly  computed value. Simultaneously, con- 

fidence limits f o r  the parameters were infer red  from t h e  d i s t r ibu t ion  o f d  

the experimental data about t h e  theore t ica l  curve. 

used i n  accomplishing these analyses are described by Moore and Zeigler  

(1960) and McWilliams (1963). 

me 

The numerical techniques 

The theo re t i ca l  expression f o r  t h e  ion  current used i n  the analysis  i s  

2 I = e A cos Kfi- RrC(a,b) (2 )  

where 

g(a ,b)  = 1/4 exp i - ( b  - 

a = v/(r 
[ 2 e ( ~  + s)/M] b =  

CY 

(Y = (2kT/M) 1/2 

e i s  the electronic  charge, A i s  t h e  e f fec t ive  area of  t h e  ion  t r a p  aperture ,  

K i s  the angle of a t tack,  N i s  t he  ion  number density, v i s  t h e  rocket veloci ty ,  

10 



V i s  the  retarding po ten t i a l  r e l a t i v e  t o  t h e  rozket po ten t ia l ,  S i s  t h e  

rocket  po ten t i a l  r e l a t i v e  t o  t h e  plasma poten t ia l ,  M i s  the  ion ic  mass, 

k i s  the Boltzmann constant, T i s  t h e  temperature, CY i s  t h e  most probable 

i o n  veloci ty ,  a i s  the  dimensionless vehicle  ve loc i ty  i n  u n i t s  of a, and 

b i s  t h e  dimensionless ve loc i ty  o f  an ion i n  u n i t s  of (Y with j u s t  

suf f ic ien t  energy t o  overcome t h e  retarding potent ia l .  

e 

h z iaq le  Gf %lie f i t  of Equation 2 t o  one set ol' data is  i l l u s t r a t e d  

i n  Figure 4. 

the theo re t i ca l  curve i s  t h e  shallow depression i n  the  ion  current  a t  low 

retarding poten t ia l .  A s  has been pointed out, t 'n is depression occurs 

cons is ten t ly  and probably r e s u l t s  from changes i n  transparency of t h e  re- 

ta rd ing  po ten t i a l  g r id  with retarding poten t ia l .  

The only s igni f icant  systematic deviation of t h e  da ta  from 

Resul ts  

The i o n  temperature determined by the least squares ana lys i s  i s  

i l l u s t r a t e d  i n  Figure 5. 

of data. 

i n t e r v a l  100 t o  160 km are indicated,  with one exception. 

i nd ica t e  confidence i n t e r v a l s  assigned t o  t h e  ind iv idua l  temperature poin ts  

i n  t h e  manner described by Moore and Zeigler  (1960). They are not absolute  

e r r o r  limits. 

predicted from models by Karris and Priester (1962) , Anderson and Francis  

(1964) and Nicolet (1962). The curves by Harris and P r i e s t e r  and Anderson 

and Francis are appropriate f o r  a lO.7-cm s o l a r  f l u x  value of 86 ( i n  u n i t s  

of w a t t  m sec)  and a l o c a l  t i m e  of 1300. The curve by Nicolet w a s  

chosen t o  have an isothermal temperature a t  high a l t i t u d e  of l180°K,  which 

i s  t h a t  a t ta ined  by the  Anderson and Francis  curve. 

Each temperature value w a s  computed from one set 

The temperature values for a l l  sets of data between the  height 

The e r r o r  ba r s  

The three neu t r a l  temperature curves ind ica te  t h e  temperatux 

-2 
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. The experimental temperatme p ro f i l e  has been drawn through t h e  mean 

of successive temperature values i n  t he  in t e rva l s  where %ne values altsr- 

nated I n  m p x t u d e  as has been Jus t i f ied  prevlmsly .  me large  amplr;tude 

a l t e rna t ions  i n  t h e  da ta  just above 100 km occur i n  t h e  a l t i t u d e  region 

where N i s  increasing mast rapidly with height and S i s  decreasing most 

rap id ly  with height. 

temperature i n  the  same sense and t h e  high and low values are properly 

yL.caacu wA ~ I L  ~ t :  ~ - e ~ u u h g  potent ia l  - the nigh values occurring when t h e  

re ta rd ing  po ten t i a l  w a s  increasing. 

w a s  approximately removed from the da ta  before least squares analysis, 

t h e  a l t e rna t ions  are most l i k e l y  caused by a l a rge  negative value of dS/dt. 

The values of S derived by least squares with the assumption t h a t  it w a s  

constant varied smoothly from -1.6 a t  99 km t o  -2.9 a t  lo5 km t o  -2.0 a t  

160 lan. These values i l l u s t r a t e  that t h e  fastest decrease of S did occur 

a t  t h e  1OO-lun l eve l ;  however, t h e  value of dS/dt computed from these dats 

would produce temperature a l te rna t ions  of L l@ only. 

&th of these t i m e  changes a f f e c t  t h e  derived 

..L,...-d ---.Ll- .LL- - - - L - - - 2 - - - -  

Since t n e  t i m e  rate of change of N 

Above 120 lan t h e  trend of the experimental temperature p r o f i l e  p a r a l l e l s  

t h e  predicted neut ra l  temperature p ro f i l e s  r a the r  s a t l s f a c t o r i l y  but may be 

systematically high. Superimposed on t h i s  t rend is  a wave-like var ia t ion  

with a peak-to-trough amplitude of approximately 2OO0K and a wavelength of 

approximately 12 km. A t  110 -hi, the temperature i s  approximately twice t h e  

model temperature and increases downward. 

The temperature var ia t ions  indicated by t h e  da ta  are unexpected. 

Nevertheless a f t e r  ru l ing  out  p3ssible experimental ana data processing 

sources of such var ia t ion ,  w e  have concluded t h a t  t h e  var ia t ions  are rea l .  

Before t h e  processing of t h e  data described here, t h e  e lec t ronic  noise and 



curren t  modulation were removed f r m  the o r i g i n a l  da t a  i n  a dli ' ferent and 

somewhat less object ive manner than that  repcr tea  here. 

t i m e  var ia t ions  i n  I resulting from t i a e  var ia t ions  i n  iY and K w a s  ,mad?. 

"his first analysis ,  reported o ra l ly  (Knudsen and Sharp, 1963), yielded 

e s sen t i a l ly  the  same vas ia t ions  as those reported here. 

ana lys i s  only reduced the  magnitude of t he  thermal peaks. 

our method of data processing dr,es not appear t o  be the  source of t he  

temperature s t ructure .  Time r a t e  of  changes of By K, and S are ruled out  

because steady changes i n  these values are d iscern ib le  as temperature 

a l t e r a t ions ,  and it would require an improbable sequence of a l t e r a t i o n s  i n  

s ign  o r  magnitude of these rates to  produce the  sequence of values defining 

the  peaks and troughs. 

No correct lon f o r  

The ref ined 

Consequently, 

Because of t h e  r a the r  uniform spacing of t he  peaks and troughs, it i s  

tempt ing  t o  look f o r  an explanation i n  terms of rocket precession. 

changes i n  angle of a t t ack  could r e s u l t  f r D m  t he  axis of precession making 

a s ign i f i can t  angle with the veloci ty  vector of t he  rocket center  of gravity.  

A precession explanation f o r  t h e  peaks and troughs has  been ruled out f o r  

t h e  following reasons. 

t o  exceed 45' by a s igni f icant  amount, t h e  computed temperature would a l so  

be expected t o  vary, since the f i r s t -order  correct ion term t o  Equation 2 

which influences the  shape of t h e  ion  current  versus retarding p o t e n t i a l  

curve was not  used i n  t h e  analysis.  

would need t o  exceed 45 by a s igni f icant  amount because the  temperature 

computed by means of Equation 2 with f i r s t -o rde r  correct ion included varied 

less than 0.2$ f o r  assumed angles of a t tack  from 0 t o  45' f o r  s e t s  of ex- 

perimental data a t  104- and 134.-km a l t i t u d e .  

Regular 

If the angle of a t t ack  of the  rocket were per ioc-ca l ly  

W e  emphasize t h a t  t he  angle of a t t ack  

0 

The temperature var ia t ion  



. 
- 

i l l u s t r a t e d  i n  Figure 4 i n  t h i s  a l t i t u d e  range i s  f 2 6 .  

the  spurious temperature changes resu l t ing  from f a i l u r e  t o  correct  f o r  

angle of a t t ack  would be spurious changes i n  computed ion concentration, 

f o r  the amplitude of t he  ion  current is proportional t o  t h e  cosine of t h e  

angle of a t t a c k  (see Equation 2 ) .  

of a t t a c k  w e r e  per iodical ly  v q i n g  f r o m  40 to 60'. 

vmld  c h z g e  f r s ~  C . r  t z l  G.5G and wuuid change the computed concentration, 

Carrelated w i t h  

Suppose, f o r  e x a q l e ,  that t h e  angle 

The cosine of the  angle 

f o r  example, from approximately 3 x 10 5 t o  2 x 10 5 a very obvious 

change. 

changes are observed. 

tween temperature peaks a r e  not uniform. 

25.3 seconds. 

cession. 

evidence. 

which w e  have assumed t o  increase with increase i n  angle of a t t ack  suggested 

that a small change i n  angle of attack m s  occ,;-rirg k5th a pei-lod of 

approximately 61 seconds. 

No such ion concentration changes correlated with t h e  temperature 

I n  additim t o  t h i s  evidence, t h e  t i m e  i n t e r v a l s  3e- 

The i n t e r v a l s  are 17.3, 14.7, and 

The i n t e r v a l s  would be regular  i n  time i f  produced by pre- 

These i n t e r v a l s  of t i m e  are a l so  not consis tent  with other  i n t e r n a l  

The time va r i a t ion  of the ion current  nodulation noise amplitude 

Horizontal winds e x i s t  i n  t h e  lower E region which may have ve loc i t i e s  

approaching 200 m/sec and which have considerable v e r t i c a l  s t ructure .  

of t h i s  magnitude could deviate  t h e  angle of a t t ack  through 11'. 

such a change t o  produce the  computed temperature var ia t ions,  t he  angle of 

a t t ack  i n  the  absence of t he  wind would have t o  exceed 45'. An increase i n  

angle of a t t ack  of 10' from a steady value, of ,  say 50 

apparent change i n  concentration of 23% and wmld be observable i n  the  con- 

cent ra t ion  prof i le .  

Winds 

Again, f o r  

0 would produce an 

14 
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. The height var ia t ion  of t he  measured i o n  concentration i s  i l l u s t r a t e d  

i n  Figure 6. The ion  concentrat im has been multlplied by 1.6 to bring 

the  concentration maximum near 108-km a l t i t u d e  in%o agreement with the  

concentration corresponding t o  t h e  E-layer c r i t i c a l  frequency observed on 

a concurrently recorded ionogram. The angle whose cosine i s  1/1.6 i s  31' 

and compares favorably with a hdf-cone  precession angle of 47O, which i s  t o  

be expected i f  t h e  precession period w e r e ,  i n  f a c t ,  61 seconds. However, 

t h e  laboratory ca l ib ra t ion  of t h e  ion t r a p  transmission could be i n  e r r o r  

by t h e  f a c t o r  I .6. What l i t t l e  experimental evidence exists suggests t h a t  

0 the  precession angle w a s  approximately 50 , axd t h a t  the  axis of precession 

was approximt.ely p a r a l l e l  t o  the f l i g h t  t ra jec tory .  

i n  i n t e rp re t ing  the  concentration r e s u l t s  i s  t h e  lack of a quant i ta t ive  

A fur ther  complication 

theory t o  describe t h e  behavior of t h e  ion  t r a p  i n  t h e  t r a n s i t i o n  region 

between the  free molecular flow and continuum flow regions. The neut ra l  

p a r t i c l e  concenTration i n  f ron t  o f t h e  rocket i s  l a rge r  than the  ambient 

concentration within the  t r a n s i t i o n  region. How t h e  ion concentration i s  

af fec ted  i s  unknown. 

The electron concentration p ro f i l e  deduced from the  concurrently 

recorded ionogram i s  also i l l u s t r a t e d  i n  F i g u e  6. The height of t he  

ionosonde p ro f i l e  i s  seen t o  be too l a rge  by approximately 4 lan. Posi t ive  

height  e r r o r s  of t h i s  magnitude a r e  t o  be expected when t h e  e l ec t ron  density 

gradient at  the starting height cannot be infer red  from t h e  ionogram, as 

w a s  t r u e  with t h e  ionogram i n  question (J. W. Wright, pr iva te  communication). 

When t h e  ionosonde p r o f i l e  i s  lowered by 4 km, it agrees with t h e  ion  densi ty  

p r o f i l e  s a t i s f a c t o r i l y  up t o  a height of approximtely 140 km, where the 

ion-trap-derived ion concentration progressively becomes l a rge r  than the 



. 
ionosonde e lec t ron  concentrations. 

caused by enhanced ion concentrx5on 'Pear the  rocket as the  rocket 

ve loc i ty  decreases near the top  o f  t he  t ra jec tory .  

W e  suppose t h a t  t h i s  departure is  

The ion  concentration data a r e  presented primarily t o  i l l u s t r a t e  

t he  lack  of any prominent concentration features which co r re l a t e  with the  

thermal s t ructure .  A r e l a t i v e l y  narrow and s m a l l  amplitude maximum does 

aDgear t,o occi_?_r at. the s a w  height as t h e  t h e m 1  peak a t  --I/ 110 1 m. Tie 

only other  ion  concentration manifestation of t he  thermal peaks which 

suggests i t s e l f  i s  an enhanced r a t e  of increase of ion concentration with 

height on t h e  bottom s ide  of t h e  peak and a diminished r a t e  of increase 

above. 

After inves t iga t ing  possible instrumental  and data processing e f f ec t s  

as the cause of t he  observed wave-like temperature var ia t ions ,  it does not 

seem reasonable t o  ass ign the  var ia t ion  t o  these e f f ec t s .  Since rocket 

a t t i t u d e  was not measured d u r i n g t h e  f l i g h t ,  rocket precession becomes 

silspect. Rocket precession nas been ruled out as a p laus ib le  explanation 

f o r  t he  following reasons. The shape of t he  io:: current versus retarding 

po ten t i a l  curves from which ti;e temperature i s  computed i s  insens i t ive  t o  

the  angle of a t tack  f o r  angles a t  least as l a rge  as 45 . 
t he  amplitude of t h e  curve depends d i r e c t l y  on the  cosine of t h e  angle of 

0 On the  o ther  hand, 

a t tack.  Variations i n  angle o f  a t tack  su f f i c i en t  t o  produce s ign i f i can t  

changes i n  the  computed temperature would produce s ign i f i can t  var ia t ions  

i n  t h e  computed ion concentration. 

would be correlated with t h e  temperature var ia t lons .  No obvious cor re la t ion  

The var ia t ions  i n  ion concentration 

i s  observed. I n  addi t ion t o  t h i s  evidence, t he  t i m e  i n t e r v a l s  between 

temperature peaks are not equal. 

16 
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!The da ta  are uncorrected for changes i n  t h e  transmission f ac to r  of 

-is a t h e  retarding po ten t i a l  g r id  with changes i n  retardire poten t ia l .  

effect i s  estimated t o  introduce a systematic, pos i t ive  e r r o r  i n  the  data 

of t h e  order of l@. 

The observed increase i n  temperature below 113 ha can be explained 

qua l i t a t ive ly  as arising from aerodynamic heating of t h e  ions  i n  the  

t r a n s i t i o n  f l o w  region. 

e f f e c t  . 
However: this increase m y ,  in p~*&, he 2 re=l 

An a t t r a c t i v e  mechanism f o r  producing the  observed wave-like temperature 

va r i a t ion  i s  i n t e r n a l  atmospheric gravity waves. 

va r i a t ions  are consis tent  with those expected from a gravi ty  wave producing 

a horizontal  wind ve loc i ty  of 150 m/sec. 

temperature var ia t ions  is smller, however, than t h a t  believed possible f o r  

grav i ty  waves i n  t h e  a l t i t u d e  in t e rva l  of i n t e r e s t  i n  t h i s  paper. 

The observed temperature 

The v e r t i c a l  wavelength of t h e  

If it i s  assumed tha t  t h e  measured temperature p r o f i l e  i s  representat ive 

of a quasi-steady state daytime prof i le  with conduction the dominant heat  

t r a n s f e r  mechanism, then the  temperature troughs must be maintained by 

r ad ia t ion  loss ,  and t h e  heat input  required t o  maintain a l l  of t h e  thermal 

peaks i s  a t  least four  t i m e s  t h e  total estimated energy i n  the  solar extreme 

u l t r av io l e t .  

The poss ib i l i t y  t h a t  t h e  atmosghere may not be i n  hydrostat ic  equilibrium 

i n  t h e  lower E region raises serious questions as t o  the  adequacy of attempt- 

t i n g  t o  deterroine de ta i led  temperature p r o f i l e s  from measurements of densi ty  

or pressure singly. 

The re tarding po ten t i a l  analyzer I S  a po ten t i a l ly  valuable instrument f o r  

extending atmospheric temperature measurements i n t o  t h e  important height range 

100-160 km. 
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F l i g h t  Information 

The experimental work on t h i s  contract  w a s  culminated by t h e  f l i g h t  

of t h e  Jave l in  8.03 rocket and payload on October 7, 1964 a t  2352 LT 

(0352, October 8, UT) from Wallops I s land ,  Virginia.  

t o  a peak a l t i t u d e  of 1133 km with t h e  nose cone being ejected a t  t h e  

appointed time, e m s i n g  the : c i e ~ t i f i c  i n s , t ~ a e r ; t s  t o  the ionosphere 

from about 265 Inn a l t i t ude .  

throughout the f l i g h t  and there  was continuous skin t racking of t h e  vehicle 

from T + 9.15 t o  T + 1091 seconds. 

Javelir ,  rocket seemed t o  perform very s a t i s f a c t o r i l y .  However, information 

from t h e  s c i e n t i f i c  instruments indicate  t h a t  the fourth s tage rocket- 

payload combination assumd an unusual or ientat ion.  The telemetry s t a t i o n  

AGC record showed a smooth rocket sp in  rate of nearly 10 cps p r i o r  t o  nose 

separat ing but  t h i s  spin rate decreased t o  about 1.5 cps after separation 

The payload rose 

Strong telemetry signals were received 

From the  t racking information t h e  

and the re  w e r e  pecul iar  modulation e f f e c t s  on t.he AGC recsrd i n  additior . 
This i s  a good indica t ion  tha t  the  rocket w a s  performing i n  a n  unexpected 

manner a f t e r  separation. 

The s c i e n t i f i c  objectives of t h i s  f l i g h t  were t o  obtain t o t a l  ion 

density,  ion  composition and ion temperature p ro f i l e s  f o r  t h e  night ionosphere 

over Wallops Island. 

tude where light (1-40 amu) ions become more predominate than t h e  heavy ions 

(>I2 m u ) .  These object ives  were to  be met i n  t h i s  payload by the  inc lwior ,  

of a heavy ion (2 -48  m u )  mass spectrometer, a l i g h t  ion  (1-16 m u )  ion 

mass spectrometer, and an ion t r a p  operated as a retarding p o t e n t i c l  analyzer. 

Of par t icu lar  i n t e r e s t  w a s  t h e  locat ion of the  a l t i -  
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The payload also contained an eleven (11) channel FM/Fl4 t e l ene t ry  system, 

power cwver t e r s  and ba t t e r l e s ,  but, ur3r tunately,  d i d  not contair, any 

mechanisr f o r  detecting rocket orientation. 

Figure 7 i s  a photograph of the  completed payload. A t  t h e  top  i s  

t h e  flat p l a t e  which serves as a ground plane f o r  t he  entrance apertures  

of t he  th ree  s c i e n t i f i c  instruments. The lower l e f t  instrument i s  t h e  

quadrupole mass spectrometer, the upper center  instrument i s  t h e  l i g h t  

i on  mass spectrometer, and the  r igh t  instrument i s  t h e  hemispherical ion 

t rap .  

a l l  parts of the  s t ruc ture  above the  extension r ing  shown w e r e  gold plated 

t o  eliminate contact p o t e n t i a l  differences.  

A l l  entrance gr ids ,  apertures, t he  aperture  p l a t e  and, i n  f a c t ,  

Figure 8 shows t h e  payload 

sect ion attached t o  the  four th  stage motor ( t h e  way it would be i n  f l i g h t )  

mounted ready f o r  spin balancing. The attachment at  t h e  top  i s  the  spring 

and push-plate used f o r  e ject ing the  f ib reg la s s  nose cone. 

pressure-plate away from the  aperture p l a t e  t r iggered a s igna l  which 

Movement of t h e  

indicated pos i t ive  riose cone separation. 

Not a l l  of the  s c i e n t i f i c  objectives of t h i s  f l i g h t  were accomplislied 

s ince t h e  l i g h t  ion  mass spectrometer f a i l e d  t o  provide any s c i e n t i f i c  

information. 

meter i tself .  

This failure r e s i t t e d  from a co;r;ponent defect  i n  t h e  spectro- 

The other two instruments worked w e l l  and t h e  ana lys i s  of 

t h e i r  data w i l l  follow i n  a l a t e r  section. 

Instrument Descrintions 

The ion  t r a p  flown i n  t h i s  package was  i d e n t i c a l  t o  t h a t  flown i n  the  

Nike-Apache 14.IlO package. 

and the  descr ipt ion i n  the  Nike-Apache 14.110 sect ion of t h i s  report  appl ies  

t o  t h e  Jave l in  8.03 instrument. 

Figure 2 i s  a schematic representat ion of it 



Since the  l i g h t  Ion Mass Ssectrometer f a i l e d  t o  provide any useful  

s c i e n t i f i c  data only a br ief  description of it will be given. 

sec t ion  of t h i s  instrument w a s  a 90 magnetic sector.  A first  order 

The ar?alyzirg 
0 

focusing correct ion w a s  accomplished by locat ing the center  of t he  analyzing 

entrance aperture,  t h e  center  of the eldt aperture  and the  center  of cur- 

vature  f o r  the  magnetic sec tor  on t h e  same s t r a i g h t  l ine .  As shown i n  

Figure 7, the  instrument entrance aDerture was n_ fim-zesk? screen-cwreret 

o r f i c e  e l e c t r i c a l l y  attached t o  t h e  vehicle  ground. Direct ly  behind t h i s  

aper ture  was t h e  entrance t o  the  analyzing section. The e n t i r e  analyzing 

sec t ion  was swept l i n e a r l y  from -700 V t o  +20 Volts dc t o  focus H , He 

and 0 ions,  respectively.  

4- + 
+ 

The i o n  detector  used w a s  a small Bendix magnetic e lec t ron  multip1ic.r. 

It w a s  used as a current  amplif ier  and its output w a s  fed i n t o  a conventional 

6 automatic ranged electrometer. 

covered i n  e ight  (8) d i s t i n c t  ranges, and w a s  su f f i c i en t ly  sens i t i ve  t o  be 

" h i s  instrument had a dynamic range of 10 , 

Eble t o  de tec t  i cn  concentrations as 10% as 4 c m  3 . ! T -  leiemetry i f lormation 

from t h e  f l i g h t  showed the  sweep operating properly, and t r ans i en t  noises 

d id  t r i g g e r  t he  electrometer and ranging c i r c u i t s  once, showing t h e i r  proper 

operation. 

This failure could be caused by t h e  high voltage power supply f o r  the  mul- 

t i p l i e r  f a i l i n g ,  a key lead  wire becoming disconnected o r  breaking, or t h e  

a c t u a l  mul t ip l ie r  f a i l i n g  during powered f l i g h t .  It i s  not c l e a r  which of 

these explanations should be invoked t o  account f o r  t h i s  lack of data. 

This evidence suggests t h a t  t h e  Bendix mul t ip l ie r  w a s  not working. 



A descr ipt ion of t he  operation of the  quadrupole ion mass spectrometer 

w i l l  be given here so  that understanding of t h e  data ana lys i s  will be 

f a c i l i t a t e d  l a t e r .  This device u t i l i z e s  a quadrcpole electroGynamic f l e l i  

with both RF and dc poten t ia l s  being applied. 

a mass spectrometer w a s  first proposed by W. Paul and t h e  de ta i led  theory 

of i t s  operation has been given by Paul, e t  al.  (1958). 

The use of t h i s  system as 

Considerable 

de ta i led  inves t iga t ion  of t he  charac te r i s t ics  of t he  quadrupole mass spectro- 

meter has been conducted by W. Bnbaker (1961). 

The i d e a l  hyperbolic pole pieces were approximated i n  OUT instrument 

by using cy l indr ica l  rods. 

were mounted parallel t o  each other and symmetrically spaced so that the 

surface of each rod was 

The four  rods, 1 cm i n  diameter and 13 cm long, 

x rod r a d i u s  = 0.431 cm ix 
from the  center  of symmetry. 

e l e c t r i c a l l y  and t h e  rod system i s  driven by an RF-oscil lator with a dc 

po ten t i a l  difference appiied between the  pairs of rods. 

Op-posite p a i r s  of rods a r e  connected together 

Ions en ter  the  mass spectrometer through t h e  grounded screen of the  

entrance aperture and a r e  accelerated toward t h e  rod system by a -20 Vdc 

po ten t i a l  applied t o  a second gr id .  

ions t r a v e l  through a d r i f t  tube-lens combination and are in jec ted  i n t o  t l e  

Passing through t h i s  second g r i d  the  

quadrupole f i e l d  of t h e  rod system. 

negl igible  t ransverse ve loc i ty  cozponents and which have t h e  cor rec t  charge 

t o  mass r a t i o  f o r  the  quadrupole f i e l d  applied t r a v e l  t h e  length of t h e  rod 

system along bound paths and a re  avai lable  t o  be col lec ted  as ion current  

Ions which are in jec ted  on-axis with 
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. 
a t  t h e  opposite end of t h e  rod system. 

ch,arge-to-mass r a t i o  follow unbound t r a j e c t o r i e s  and are col lected 3y t h e  

rods themselves or  on t h e  inner walls of t he  spectrometer container. 

A l l  ioris with other tk?hi: t k  car rec t  
0 

The equations of motion of a p a r t i c l e  i n  the  quadrupole f i e l d  are 

Mathieu equations and t h e i r  solution can bes t  be described by a s t a b i l i t y  

diagram which shows regions where t h e  p a r t i c l e  motion i s  s t a b l e  and regions 

where it i s  unstable. S t a b i l i t y  diagrams are generally given i n  an a-q 

plane where 

and 
4evW 

M r w  
q =  2 2  

0 

(4) 

where e i s  the  electronic charge, M i s  t h e  mass of t h e  ion, w i s  t h e  angular 

frequency of t h e  3"pplied IiF-field, r 1 is 1.16 x rod diameter, Vdc i s  t h e  dc 
0 

voltage applied t o  t h e  rods, and Vm i s  t h e  amplitude of t h e  RJ? voltage 

applied t o  t h e  rods. I n  t h e  absence of a dc f i e l d ,  f .e .  a=o, ions  are 

stable for  q between zero and 0.92. Thus, f o r  a given applied RF voltage 

a l l  masses grea te r  than a ce r t a in  one (determined by using q = 0.92,VfiF, ro 

and w i n  equation 4) have s t a b l e  paths and can be co l lec ted  as current .  

p l ica t ion  of a dc-potential  limits t h e  range of masses which have s t a b l e  paths. 

Ap- 

Thus, t h e  mass resolut ion i s  determined by t h e  appl icat ion of dc-fields.  

by making t h e  dc-field la rge  enough, f o r  a given RF-field, t h e  spectrometer 

I n  f a c t ,  

w i l l  go i n t o  cut of f  and co l lec t  no ions a t  the  exit of the rod system. 

With t h i s  ins;rumec;t a mass spectrum is swept by first establ ishing a 

r a t i o  of Vdc/VRF which w i l l  provide t h e  desired mass resolut ion then sweeping 

t h e  applied voltages over a range appropriate f o r  t he  mass range of i n t e re s t ,  
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keepirig the  Vdc/VRF r a t i o  always constant. 

s t a b i l i t y  diagram gives  an average Thus, the  exp;.,-ssion 

f o r  determining which mass w i l l  be permitted t o  pass through t h e  rod system 

is, from muat ion  4, 

For any good reso lu t ion  tne 

q-value of 0.706. 

For the  instrument 

2 megacycles/sec. 

flown i n  t h e  Javel in  8.03 package ro = 0.431 cm and f = 

Thus, t h e  12-48 amu mass range was covered by applying a 

sweeping RF v o l t a p  from 65 t o  255 v o l t s  peak. 

i n  t h e  f l i g h t  da ta  it is  assumed t h a t  a l l  ions  analyzed a r e  s ing ly  charged. 

I n  these ca lcu la t ions  and 

The analyzed ions  x e m  col lected a t  t h e  end of  t h e  analyzer system i n  

This a Faraday cup whiqh was carefu l ly  shielded from t h e  analyzer f ields.  

current  was converted t o  a voltage by an automatic ranged electrometer - 
ac-amplifier combination which had a combined current  s e n s i t i v i t y  of 3 x 

amp/vol t  on i ts  most sensitive range. 

of r 0  

There were four ranges, each a f a c t o r  

d i f f e r e n t  i n  s e n s i t i v i t y  from adjacent ranges. 

The vol-xqe sweep applied t o  t h e  rods was a symmetrical t r i a n g l e  of 

period 1.95 sec.  

every 0.975 sec.  

t h e  changing dc-voltage t o  t h e  rods  and was a l so  used t o  d r ive  t h e  RF os- 

c i l l a t o r .  

dc-voltage to keep t h e  Vdc/Vm ratio fixed. 

t h e  Vdc/VKF r a t i o  was changed every sweep period through a series of four re- 

so lu t ion  se t t ings .  One setting had a poor reso lu t ion ,  another was near cut-off 

and the re  were two s e t t i n g s  near the optimum reso lu t ion  value of 20 near mass 

20 so that adjqcent mass peaks could be separated. 

Ln f l i g h t  has shown t h a t  such a var iab le  reso lu t ion  system i s  not needed. 

T h i s  meant t h a t  a complete mass spectrum was obtained 

A master clock t r iggered  a master dc-sweep which provided 

A part 02 t h e  RF s ignal  was r e c t i f l e d  and compared t o  the  applied 

To assure proper reso lu t ion  coverage 

Operation of t h l s  device 
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The r e so lu t ion  can e a s i l y  be established i n  the  Laboratory and be e q e c t e d  

t o  remain t h e  same i n  f l i g h t .  

Ion Trap Analysis and In te rpre ta t ion  

The construction of t he  ion  t rap i s  i l l u s t r a t e d  i n  Figure 2. It 

was mounted on t h e  nose p l a t e  o f  the rocket with t r a p  axis p a r a l l e l  t o  but 

displaced from t h e  sp in  axis. 

p l a t e  has t h e  v i r t u e  of making t h e  shape of t h e  ion current  vs r e t a rd ing  

p o t e n t i a l  curve r e l a t i v e l y  i n s e n j i t i v e  t o  t h e  angle of a t tack  provided t h e  

l a t t e r  i s  not l a rge  and remains constant 

sur face  g r i d  and co l l ec to r  were operated a t  rocket po ten t i a l ,  and t h e  

suppressor gr id ,  a t  -4.0 vol t s .  

The use of hemispherical g r ids  and co l lec tor  

during t h e  sweep period. The 

A representa t ive  i n t e r v a l  o f  data is  i l l u s t r a t e d  i n  Figure 9. The 

re ta rd ing  p o t e n t i a l  was swept between -0.7 and 4.0 v o l t s  with a cycle time 

of 1.63 seconds. One cha rac t e r i s t i c  curve was obtained every 0.8 second:,. 

Because t h e  rocket motion was unfavorable, t h e  ion  current remained on tt.a 

most s e n s i t i v e  sca le  (x 25’) throughout t h e  f l i g h t .  On t h i s  s c a l e  a dis- 

placement current  produced by t h a  changing voltage on t h e  re ta rd ing  p o t e n t i a l  

g r i d  may be observed. 

t e n t i a l  is constant during t h e  recording of one cha rac t e r i s t i c  curve, t h e  

displacement current i s  constant and introduces no d i s t o r t i o n  i n t o  t h e  

Because t h e  time r a t e  of change of t h e  re ta rd ing  po- 

curve - only a displacement. 

Data Analysis 

The x 25 ion  current  analog s i g n a l  was d i g i t i z e d  ana processed 

numerically. 

amplification s tages ,  the d ig i t i zed  s i g n a l  was inverted. The equation 

f o r  accomplishing the inversion through one EC coupled stage is 

To remove the  small d i s to r t ion  introduced by two RC coupled 



4 

V(T) - V(t ) = V ' ( t )  - V ' ( t  ) + $ 4 V ' ( T )  d7 
0 c) 

t0 

where V i s  t h e  s igna l  p r i o r  t o  passing through an RC network, and VI, t h e  

s i g n a l  a f t e r  passing through t h e  network. The s igna l  was operated on 

twice by t h e  inversion program t o  remove t h e  <e f fec t  of  t h e  two s t ages  of 

amplification. 

The amplitude af each cha rac t e r i s t i c s  curve was computed by taking 

t h e  d i f fe rence  i n  s i g n a l  level when t h e  sweep voltage was near -0.7 and 

4.0 vo l t s .  

po in t  of t he  re ta rd ing  po ten t i a l  were averaged and are  p l o t t e d  i n  Figure 

10 a s  a function of system time i n  seconds. Similarly, t h e  time d e r i v a t i r e  

(dI/dt) of t h e  amplitude a t  t h e  same turning po in t s  were detemined and aye 

p l o t t e d  on Figure 10. 

7, 1964. 

--F w 11L1 -5 i s  approximately 2309 hrs  . l oca l  tine. 

F2 peak a t  approxhately 86070 and 86936 seconds. 

The two amplitude values common t o  t h e  same -0.7 v o l t  tu rn ing  

System time is measured from 0000 hrs .  (EDST), Oct. 

Apogee occurred a t  86508 seconds (0002 hrs., EDST, October 8 ,  1564) 

The r o c k e t  passed through the  

The amplitude and s lope a r e  computed from t h a t  pos i t i on  of t h e  char- 

a c t e r i s t i c  curve f o r  which the  re ta rd ing  p o t e n t i a l  i s  less than zero. In  

t h i s  i n t e r v a l  no ions  a r e  being retarded. The amplitude i s  seen t o  have a 

periodic va r i a t ion  with period of approximately 12.8 seconds with perhaps 

a smaller, shor te r  period var ia t ion  superposed. W e  s h a l l  not consider 

t he  smaller var ia t ion .  ;"he l a rge  per iodic  variazion i s  most pronounced a t  

t h e  lower a l t i t u d e s  a t  which time t h e  rocket ve loc i ty  i s  approximately three 

times the  ion  thermal velocity. The time der iva t ive  i s  a l so  seen t o  have 



Y 

this sme period. The phasing of the  t i m e  der iva t ive  i s  such that the 
e 

maximum of t h e  time derivat ive OCCUTS when t h e  amplitude of t h e  ion 

cur ren t  i s  decreasing and i s  a t  i t s  running average. 

discussed fu r the r  hereafter.  

This behavior i s  

The running average signal l eve ls  near 300 lan a l t i t u d e  on both t h e  

cp alld d9W- leg of the E i g h t  Ere cf q>roxfmte>y the s m e  --dkcde aad 

a r e  both approxjmately a fac tor  of t e n  smaller than expected had the angle 

of a t t a c k  of t he  rocket been close t o  zero during e i t h e r  portion of t h e  

f l i g h t .  

a t t a c k  c lose  t o  90' during both the up and down-leg port ion of t h e  path. 

The signal l eve l s  do have t h e  magnitude expected f o r  an angle of 

Ion Concentration 

For convenience of analysis t he  f l i g h t  plane has been taken as t h e  

The z axis i s  t h e  radius  of the  ea r th  through apogee. y z plane (Figure ll). 

The angles which the  t o t a l  angular momentum vector makes with the  x, y and 

z axes are @,, B2, alzd B respectively. These angles remain constant f o r  3 
t h e  port ion of t h e  f l i g h t  path of i n t e r e s t  here. The symmetry axis of t h e  

rocket precesses about E with a constant period provided t h e  rocket m y  be 

considered a r i g i d  body. The angle which t h e  a x i s  makes with f: i s  designated y. 

With the retarding p o t e n t i a l  less  than o r  equal t o  zero, t h e  current 

t o  t h e  ion t r a p  i s  proportional t o  t h e  t o t a l  flux of  ions t o  the  forward 

face  of the rocket ,  The cur-pent i s  given by the  formulae 

I = eA v cos e C NiD(v cos 9, ai) D(v cos 8, u )  
1 

l2 (V cos e v cos e a 
+ 2 J ; i v c o s 8  a = 1/2 + 1/2 e r f  

(y 
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2 2kT cy = -  
i i K 

where e is  t h e  e lec t ronic  charge; A, t h e  e f fec t ive  ion  t r a p  entrance area; 

v, t h e  rocket veloci ty;  0, t h e  angle of a t tack;  Ni, t h e  concentration of 

t h e  i t h  ion;  T, t h e  common ion  temperature; m d  X, t h e  ion atomic weight. 

The cosine of t h e  angle of a t t ackwas  computed assuming t h a t  t h e  rocket be- 

haved as  a r i g i d  body w i t h  no applied torques. 

had been included i n  t h e  payload, it was necessary t o  t r y  d i f f e r e n t  assumptions 

a s  t o  t h e  values of y, 

Since no a t t i t u d e  devices 

and t h e  precession period. 83’ pl, B2, 

A d p a m i c a l  r e l a t ionsh ip  e x i s t s  between t h e  r a t i o  of precession period 

t o  sp in  period, r a t i o  of  moments of i n e r t i a ,  and t h e  precession cone angle. 

This r e l a t i o n  was of no ass i s tance  s ince  t h e  monents of i n e r t i a  of combinijd 

payload and burned out rocket motor a r e  not avai lable ,  and t h e  sp in  per iod 

i s  not known. 

With  f a i l u r e  sf the  l i g h t  ion  mass spectrometer t o  provide data, it was  

a l so  necessary t o  make some assumption concerning t h e  r e l a t i v e  concentration 

of ions. ion a r e  known t o  be t h e  dominant ion  i n  t h e  lower por t ion  of 

t h e  rocket f l i g h t  and H ions  a r e  expected t o  dominate a t  apogee. He i ons  

may be present ,  but t h e  extent  is uncertain. I n  view of t h e  uncer ta in t ies ,  

a model ionosphere corisisting of only two ionic  species  i n  d i f fus ive  equil- 

ibrium was assumed in deriving ion  concentrations from t h e  ion  current  data .  

Evidence from t h e  Ariel  I s a t e l l i t e  (Bowen, et  al.1964B) ind ica t e s  that  t h e  

t r a n s i t i o n  frcrn 0 ions t o  t h e  l i g h t e r  ion accurs a t  approximately 600 km 

+ 
016 

+ i 

+ 
16 
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a l t i t u d e  a t  t h e  loca l  time and s o l a r  cycle  phase appropriate t o  t h e  f l i g h t  

time of t h e  rocket f l i g h t .  

a l t i t u d e  a l s o  makes it c l ea r  t h a t  t h e  t r a n s i t i o n  a l t i t u d e  i s  c lose  t o  600 

km. Consequently, t h e  r a t i o  of i o n  concentrations was assumed t o  be con- 

sistent w i t h  an isothermal ionosphere i n  d i f fus ive  equilibrium and t o  have 

t h e  value one a t  600 Km a l t i t u d e .  

The v a r i a t i o n  of L a  current amplitude w i t h  
0 

The r a t i o  may be shown t o  be  

H1- H2 1 *1 - = exp [(z-zo) 
*2 H1= H2 

where 

Hi = kT 
qD. 

and 

h is  t h e  a l t i t u d e ,  

g rav i ty  (Hanson, 1962). 

which proved c lose  t o  the measured ion temperature a t  apogee. 

R, t h e  rad ius  of t h e  earth,  and g, the  acceleration of 

The temperature was assumed t o  be 1000°K, a value 

The period of precession o f  the rocket cannot be in fe r r ed  unambiguou.:ly 

from t h e  graph of ion  current amplitude vs  time (FFgure 10) alone. The 

graph represents t h e  time behavior of t h e  i on  current when sampled a t  a 

r a t e  of once every 1.63 seconds. 

1.87 sec,  a 12.8 second period would be observed i n  t h e  sampled data .  

behavior of t h e  time der iva t ive  of the ion current  sampled a t  t he  above r a t e  

is  a l so  i l l u s t r a t e d  i n  Figure 10. 

value when t h e  amplikude i s  iccreasing and rnzximum p o s i t i v e  value when t h s  

current amplitude i s  decreasing. T b i s  behavior can only be explained by 

assuming t h a t  t h e  a c t u a l  ion currerit was ;rarying w i t h  a period, T such 

If t h e  a c t u a l  precession period were 

The 

The de r iva t ive  has a maximum negative 

e In' 
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t h a t  t h e  sample period, T s a t i s f i e s  t h e  r e l a t i o n  S' 

The apparent period of t h e  sanrpled da ta  T~ is given by 

o r  

n = 1 , 2  . . .  

assuming n = 1, and using 12.8 sec and 1.63 sec  f o r  -i 

value of 1.87 f o r  T 

modulation and B t h e  amplitude of t h e  time der iva t ive  of t h e  ion current ,  then 

t h e  r a t i o  of ?3 t o  A must s a t i s f y  t h e  r e l a t ionsh ip  

and T~ y ie lds  a a 

If w e  l e t  A represent t h e  amplitude of t h e  ion  current m' 

This r a t i o ,  estimated from Figure 10 t o  have t h e  value, 3 ,  y ie lds  a value 

of approximately 2 f o r  T ~ ,  a value c lose  t o  t h a t  derived above f o r  n = 1. 

The t 2 t a l  concentration p r o f i l e  i l l u s t r a t e d  i n  Figure 1 2  was computed 

assuming t h a t  t h e  precession cone angle was zero and t h e  ax i s  of t h e  rocket 

was i n  t h e  plane of t h e  t r a j e c t o r y  and tangent t o  t h e  f l i g h t  pa th  a t  about 

550 km on t h e  up l eg  of t h e  t ra jec tory .  

was taken a s  2 gram/mole. 

an ionogram taken a t  t h e  time of t h e  f l i g h t  i s  a l s o  recorded. 

The atomic mass of t h e  l i g h t  ion 

The electron concentration p r o f i l e  reduced from 

It i s  q u i t e  



evident t h a t  t h e  rocket d i d  R o t  behave ir! t h e  des i red  way - i .e.,  wi th  a 

small  angle of a t t ack  on t h e  up leg. The lou eoncentration computed f o r  t h e  

up l e g  and t h e  high concentration f o r  t h e  down l e g  r e f l e c t  t h e  f a c t  t h a t  tne 

cur ren t  t o  t h e  ion t r a p  was an order o f  magnitude smaller than it  should have 

been fo r  a small  angle of a t t ack  on t h e  up l eg  and two orders of magnituds 

too l a r g e  for t h e  down leg .  

r e s u l t s  from t h e  periodic var ia t ion  i n  i o n  cur ren t  amplitude evident i n  

Figure 10. 

a 

The s c a t t e r  i n  concentration ind ica ted  by ba;s  

The f a c t  t h a t  t h e  ion  current  i s  approximately of t h e  same amplitude 

on both up and down l egs  a t  corresponding heights near t h e  F peak (Fig.  13) 

i nd ica t e s  t h a t  t h e  angle of attaCk should be e s sen t i a l ly  t h e  same f o r  both 

ends of t h e  rocket t ra jec tory .  A rocket motion s a t i s f y i n g  this requiremer,t 

is  one i n  which t h e  precession cone angle is small and 1 i s  a t  r i g h t  angles 

t o  t h e  f l i g h t  plane. 

computed with t h e  assumption t h a t  the  rocket ax is  was a t  r i g h t  angles t o  

t h e  f l i g h t  plane a t  a l l  zimes. The concentration on both up and down legs 

is approximately t h e  same and is  consistent with the  value deduced from an 

ionosonde. 

Figure 1 2  i l l u s t r a t e s  t h e  t o t a l  i o n  concentration 

The compu;ed charge concentration a t  apogee i s  nearly independmt of 

assumed rocket a t t i t u d e  s ince  t h e  rocket is moving a t  approximately one 

third the  ion  thermal ve loc i ty  a t  tha t  a l t i t ude .  

p r imar i ly  on t h e  assumed atomic mass of the  i o m .  The lower concentration 

obtained by assuming an atomic mass of one is i n  b e t t e r  agreement w i t h  mean 

concentration values measured a t  midnight, a t  1000 km, and a t  53' North 

The concentration depends 
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dip l a t i t u d e  by the  Alouette s a t e l l i t e  (?r lvate  communication with K .  L. 

Chan). 

t h e  v i c i n i t y  of Wallops I s land  a t  midnight and 1000 km a l t i t u d e  wi th in  

The Explorer XXIl s a t e l l i t e  measured electron concentrations i n  

t h e  range of  0.5 t o  1.5 x 10 4 electrons/cm 3 (pr iva te  communication with 

L. H. Brace). 

grams/mole ion ic  mass fall with in  t h i s  range. 

The i o n  concentraxion computed f o r  e i t h e r  one or two 

Several a d d i S i m a l  concentration p r o f i l e s  have been computed w i t h  dif- 

and f3 having t h e  values 12O, Oo, 90°, and f e r e n t  values of y, P,, 8,, 

90 respec t ive ly  and with an apparent precession period of 12.8 seconds. 

Figure 13 i l l u s t r a t e s  t h e  p a r t i a l  and t o t a l  concentration computed assuming 

t h e  upper ionosphere t o  be composed of hydrogeri ions only - no helium ions  

3 
0 

- and w i t h  y ,  P,, 8,  and B having bhe above values. 3 
Ion  Temperature 

The ion  temperature has been computed by f i t t i n g  the  t h e o r e t i c a l  

expression f o r  t h e  ion  current  to a hemispherical ion  t r a p  given by Knudsen 

and Sharp (1965') t o  t h e  characier isLic  curves obtained near apogee. 

though t h e  t heo re t i ca l  expression was derived assuming t h e  angle o f  a t tack  

zero, i t  i s  accurate  when t h e  r a t i o  of veh ic l e  ve loc i ty  t o  ion thermal 

ve loc i ty  i s  small. 

f o r  a s t a t iona ry  vehicle. 

a r e  protons. 

a t t ack  of 90°, it  has been v e r i f i e d  t h a t  a ve loc i ty  r a t i o  of 0.2 i s  small 

enough t o  neglect without s ign i f icant  e r r o r .  

Al- 

Put another way, angle of a t tack has no s igni f icance  

A t  apogee t h i s  r a t i o  i s  0.2 provided t h e  ions 

With t h e  use of t h e  correct  t heo re t i ca l  equation f o r  angle of 

If t h e  vehic le  may be assumed a t  r e s t ,  i . e . ,  the  ve loc i ty  r a t i o  neg- 

l i g i b l e ,  t h e  temperature which is computed is independent of mass. All 

ions  regardless of mass have the'same energy d i s t r i b u t i o n  and it i s  t h e  

energy d i s t r i b u t i o n  t h a t  determines t h e  temperature. Hence, t h e  i o n  tern- 
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perat-dre derived is  independent of assumed mass. 

Figpre 4 i1lus;:aG;as the  data p o i n t s  f o r  one of t h e  c h a r a c t e r i s l e  

curves and t h e  theo re t i ca l  curve computed using t h e  least-squares-adjusted 

parameters. 

p o t e n t i a l  obtained i n  l i k e  mannen f o r  s eve ra l  consecutive c h a r a c t e r i s t i c  

Figure 1s i l l u s t r a t e s  t h e  values of ion  temperature and vehicle 

curves a t  apogee. 

ztiazges i n  a g l e  of a t tack  ickiich is not eiitii-eiy rlegligibie. 

Some of t h e  indicated va r i a t ion  i s  probably caused by 

T’ne e r r o r  

bars  a r e  s t a t i s t i c a l  uncer ta in t ies  based on t h e  s c a t t e r  of t h e  data  poin ts  

f o r  each cha rac t e r i s t i c  curve and do not represent absolute uncertainty.  

I n  what follows, t h e  ion  temperat-ue w i l l  be taken a s  l lOO°K and t h e  vehic le  

p o t e n t i a l  a s  -0.50 vo l t s .  

An e lec t ron  temperature may be estimated from t h e  vehic le  p o t e n t i a l  if 

c e r t a i n  assumptions a r e  made. The e lec t rons  a re  assumed t o  have a Maxwellian 

ve loc i ty  d i s t r i b u t i o n  w i t h  a temperature, 

assumed constant over t h e  conducting sur faces  of the  vehicle, and t h e  reex- 

i f i c a t i o n  of t h e  rad ia ted  telemetry s i g n a l  is  assuxed negl igible .  

p o t e n t i a l  assumption requires  t h a t  ?x 

t h e  veh ic l e  p o t e n t i a l  i s  Te 9 

The mif~m* 

f i e l d s  a r e  small  and t h a t  t h e  work 

function of t h e  conducting surfaces i s  t h e  same as  t h a t  of gold. The majority 

of t h e  conducting surface of t he  vehicle consisted o f  t h e  gold p l a t ed  iin- 

strument sec t ion  and, if t h e  instrument s ec t ion  were t h e  more p o s i t i v e  end 

of t h e  vehicle, t h e  e f f ec t  on vehicle  p o t e n t i a l  of t h e  small conducting r i n g  

near t h e  nozzle of t he  l a s t  s t age  engine could be neglected. 

would be of t he  order of 0.05 volt/meter and, with an instrument sectiori ap- 

proximately a meter long, veh ic l e  p o t e n t i a l  va r i a t ions  of t h e  order of e f e w  

The ? x B f i e l d  

hundredths of v o l t s  a r e  expected. A telemetry r e c t i f i c a t i o n  p o t e n t i a l  of 
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-0.2 volts has been observed on small packages ( X a g y  and Faruqui, 1965;). 

EQua+iw electron and ion fluxes, one obta ins  

and, 

Te 150O0 

has been taken as 1 gm per mole. where m i 
Bowen e t  a l .  (19@tA)report e lectron temperatures measured a t  1000 

kilometer during 1962. 

l a t i t u d e  f o r  magnetically quiet  days i s  approximately 135OOK. 

The value reported f o r  midnight a t  6OoN geomagnetic 

The electron temperatures measured by t h e  Explorer XXII s a t e l l i t e  for 

the  l o c a l  time, a l t i t ude ,  season, and year appropriate t o  t h e  8.03 rocket 

f l i g h t  f a l l  within t h e  range, 15j30° - 2000'K (I,. H. Brace, p r iva t e  com- 

munication). 

The r a t i o  of e lectron t o  ion temperature, T /Ti i s  expected t o  reach e 

uni ty  a t  a s u f f i c i e n t l y  high a l t i tude .  

by Brace et a l .  

one. 

(Hanson, 1963) and recent calculat ions 

(1965) suggest t h a t  a t  1000 Lan the  r a t i o  would be e s sen t i a l ly  

The r a t i o  obtained from t h e  ion and electron temperature reported herein 

i s  

1500 
- -  - 1.4 
1100 

T h i s  value i s  pr imari ly  uncertain because o f  t h e  uncertainty i n  t h e  e lectron 

temperature. 
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Conclusions 

To obtain consis tent  i o n  concentrations i n  t h e  F region fo r  

both up and down legs  of t h e  rocket t r a j ec to ry ,  it is  necessary t o  assume 

t h a t  t h e  rocket axis made an angle c l o s e  t o  90' w i t h  t h e  p lane  of t r a -  

j ec to ry  throughout t h e  f l i g h t .  With t h i s  assumption, t h e  concentration 

measured a t  t h e  F peak on t h e  u? leg is equal t o  t h a t  observed with an 

ionosonde within t'ne uncertainty t o  which t h e  instrument transmission f a c t -  

o r  is  known. 

i o n i c  atomic mass. Wi th  H as  t h e  dominant cons t i tuent  a concentration of  

The ion concentration computed a t  apogee depends on the  assumed 

+ 

3 8 x 10 is  obtained - a value consis tent  with other  observations. The ion  

temperature a t  apogee (1013 km) is  llOO°K with an estimated uncertainty of 

10 percent. This temperature value i s  not s e n s i t i v e  t o  t h e  assumed ionic  

mass. 

vehic le  p o t e n t i a l  upon making several assumptions. 

estimated t o  be 40%. 

An e lec t ron  temperature of 150O0K may be computed from t h e  observed 

The uncer ta in ty  i s  

Mass Spectrometer Analysis and In t e rp re t a t ion  

A discussion of the  operation of t h e  Ion  Mass spectrometer i s  pre- 

sented e a r l i e r  i n  t h i s  report .  

t h e  quadrupole Mass spectrometer the reader is  referred t o  t h e  l i t e r a t u r e  

(Paul, et  a l ,  1958; Brubaker, 1961; Flowerday, 1964). 

For t h e  de t a i l ed  theory of t h e  operation of 

The mass spectrometer was mounted on t h e  nose p l a t e  of the  rocket 

with i t s  a x i s  p a r a l l e l  t o ,  but displaced from,the sp in  axis .  

apperture of t h e  spectrometer had a diameter of 0.2 inches. 

p o t e n t i a l  of -20 v o l t s  was applied t o  a screen located in s ide  t h e  grounded 

The entrance 

An acce lera t ing  
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instrument entrance sereen and preceeding the  quadrupole analyzer such 

t h a t  ions  en ter i rg  the  spectrometer would have ve loc i t i e s  e s sen t i a l ly  

p a r a l l e l  t o  t h e  spectrometer axis .  

was "slaved" t o  t h e  applied DC voltage s o  t h a t  t h e  r a t i o  of the  two 

w a s  kept constant during a s w e e p .  

with a mixture of gases and w a s  indeed l i n e a r  a s  a function of mass number. 

The period of t h e  sweep, up and down, w a s  1-93 sees Or! the z~sveep ,  t h e  IIC 

vol tage w a s  monitored on t h e  telemetry output and on t h e  downsweep t h e  RF 

voltage w a s  monitored on the  telemetry output. 

The ti;F voltage applied t o  t h e  rods 

The telemetry output was ca l ibra ted  

The ove ra l l  transmission efficiency of the  ion  mass spectrometer w a s  

measured i n  the  laboratory,  for  zero a q l e  of at-kack, as a funct ion of 

mass number. 

w a s  found t o  be approximately $. 
Typically, f o r  3 vo l t  mass 16 ions  the  transmission eff ic iency 

The rocket f l i g h t  or ien ta t ion  has  been discussed i n  t he  sec t ion  on 

the ion  t rap .  

i on  mass spectrometer output i n  a later discussion. 

This topic  w i l l  fur ther  be considered and i t s  e f f e c t  on t h ?  

Telemetry Output 

The form of t h e  data i s  presented i n  Figure 16 which i s  a sec t ion  

of t h e  a c t u a l  telemetry record. 

value of t he  voltage applied t o  the  electrodes of the quadrupole spectrometer 

as a funct ion of t i m e .  

the  downward sweep indica tes  t h e  RF vol tage which i s  a t  a l l  t i m e s  "slaved" 

t o  t h e  DC voltage t o  obtain a constant value of t h e  r a t i o  of DC t o  RF 

voltage. 

The l i n e  designated "sweep" represents  t k ; ?  

The upward sweep i s  a monitor of  t h e  DC voltage whereas 
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a The l i n  segment marked "range" ind ica tes  t h e  range of t h e  electrometer 

output of t h e  spectrometer. 

one notes  t h a t  a range change has taken place commensurate with t h e  de tec t ion  

of a l a r g e  mass peak. 

i s  indica ted  as t h e  s ignal .  

are labeled accordingly. 

t.ha.t. tohe in= mass spectrsEeter XZE %xtToz i rg  prcpei-ly tiii-uugilout t h e  

course of t h e  f l i g h t .  

On the extreme right-kax2 s ide  of t h e  figL?€ 

The output of t h e  electrometer of t h e  spectrometer 

Several mass peaks have been i d e n t i f i e d  and 

The telemetry record gives  every ind ica t ion  

Vehicle Orientation 

The i o n  mass spectrometer exqeriment w a s  designed t o  f l y  with a 

reasonably small angle of attack on the ascent  of t h e  rocket. 

pointed o u t  previously i n  t h e  section discussing t h e  i o n  t r a p  measurements, 

it does not seem poss ib le  t h a t  t h e  vehicle acquired i t s  intended or ien ta t ion .  

It appears considerably more l i k e l y  that  t h e  o r i en ta t ion  of t h e  vehicle 

was such t h a t  t he  sp in  a x i s  was a t  r i g h t  angles t o  t h e  f l i g h t  path and was 

precessing about i t s  sp in  a x i s  (see Figure 11 and t h e  accompanying d is -  

cussion). 

from t h e  m a s s  spectrometer data. I n  Figures 17 and 18 are p lo t t ed  t h e  ion  

cur ren ts  corresponding t o  t h e  observed peaks, as a function of t h e  vehic le  

f l i g h t  t i m e .  It is  observed t h a t  periodic s t ruc tu re  t o  t h e  da ta  e x i s t s  and 

t h a t  for each peak t h e  period is approximately 35 sec. This varying ampli- 

tude could have been caused by t h e  proposed precession of t h e  vehicle. 

A s  has been 

Further evidence f o r  t h i s  presumed o r i en ta t ion  i s  presented 

If t h e  vehicle i s  precessing with a period T and t h e  data i s  pe r iod ica l ly  

szmpled with a sam?ling period T~ then it can e a s i l y  be shown t h a t  tk;c apparer,t 
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period of t he  sampled data, T i s  given bv a' 

n~ T m s  
T =  
a n ~ - T  m s  

( 7 )  

where n i s  an  in teger  and allows f o r  t he  p o s s i b i l i t y  of sampling a harmonic 

of T ~ .  Using t h i s  expression 

we f i n d  t h a t  T~ i s  2.06 sec. 

ment with t h a t  found from t h e  

t h e  value f o r  T~ i s  taken f o r  

with T~ = 35 sec, T = 1.95 sec and n = 1 

This value f o r  T~ i s  i n  reasonable agree- 

ion  t r a p  measurements. 

S 

I n  t h i s  ca lcu la t ion  

a given peak only on t h e  "upsweep" of t h e  

data. For t he  same peak on the  downsweep the  sampling period, T woula 

have t h e  sane value, however, there  would be a phase s h i f t  i n  t he  apparent 

S 

period T f r o m  the  upsweep apparent period T . 
a a 

"he apparent phase s h i f t  i s  given by 

7 m a 

where AT 

t h e  same mass peak on the downsweep data. 

hr 

and T~ = 2.06 sec. 

amplitude of the  t i m e  varying s ignal  of t h e  downsweep data,  cgmpared W i t h  

t h e  upsweep data,  should be 29.1 sec. 

is the t i m p  delay frm a given miss pe& c r  t h e  uTsveey, da t e  t n  
S 

I n  the case of mass peak 18 

is  1.65 sec., t h i s  gives a i-alue f o r  P of 0.83 when T~ = 1.95 sec. 

Thus an appzirent s h i f t  i n  t h e  posi t ions of maximum 

S 

The data f o r  mass peak 18 w a s  

analyzed over a port ion of t h e  range for both upsweep and downsweep and 

t h e  apparent s h i f t  of t h e  amplitude peak w a s  found t o  be approximately 

30 see. 
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These considerations a long  7- i th  those presented i n  the  sec t i cc  on 

the ion t r a p  s t rongly in&iczte t k 2 t  t he  only pcssible or ien ta t ion  of zie 

vehicle  is  tkt presumed above. 

The precession cone angle, ' I ,  can be determined from t h e  va r i a t ion  

i n  t h e  amplitude of the  ion current. 

t h e  entrance aperture,  having zero re ta rd ing  po ten t i a l  r e l a t i v e  t o  the  

The ion current incident  upon 

plasma, is  given by 

where N 

charge, A i s  t h e  area of t h e  entrance apperture, V i s  the  t o t a l  veh i i l e  

i s  the  ambient ion densityof t h e  i t h  kind, e i s  the  e lec t ronic  
0 

veloci ty ,  8 is  t h e  angle t h e  t o t a l  ve loc i ty  vector makes with t h e  normal 

t o  t he  plane of t he  entrance apperture, u 

of the ambient i t h  ions, and K. i s  t h e  spectrometer transmission f ac to r  

f o r  ions of t he  i t h  kind. 

is  the most probable ve loc i ty  i 

1 

For 8 = 8 min the  ion current I i s  a maxiam, whereas for 8 = 8 max i 

the  ion cilrrent I is  a minimum, and since 6 max = n - 8 min and 8 min = i 

- Y> then 

I.max + I. min 2 

I. max - I. min 
i 1 1 = e r r  iV sin '> + Ly e~ i-(v2 s i n  y> 

9 - cy 

J p i i v s i n y  i 
1 1 

Thus by measuring the r e l a t i v e  magnitudes of t h e  peaks and the  valleys 

the  precession angle y c a ~  be determined from a knowledge of the  t o t a l  

vehicle velocity.  



IJpm considering t h e  mass 16 peak on t h e  Lestexx portion 3: t h e  

f l i g h t  t he  precession angle y was determL,,cd to be app-oximately pio.  

R e s u l t s  

Four d i s t i n c t  mass peaks w e r e  observed during t h e  course of t h e  

vehic le  f l i g h t .  

observed and labe led  as mss peak 16, 18, 3G and 46 according t o  the  pre- 

f l i g h t .  calihration of the Tnn mss spe&.rc?ln_eter. It 5s chse~m.~& in 

Figures 17 and 18 t h a t  t h e  i o n  currents  of t h e  ssectrometer associated with 

mass peaks 18, 30 and 46 are r e l a t i v e l y  l a rge  a t  the  begiming of t h e  f l i g h t  

bu t  decrease throughout t he  f l i g h t  except f o r  a snall increase near  t i e  very 

end of t h e  f l i g h t .  On t h e  &her hand, t h e  spectl-oneter cur ren t  associated 

with mass peak 16 is  observed t o  be somewhat smaller than t h e  o ther  cur ren ts  

a t  t h e  beginning of t he  f l i g h t  and decreases ir, an?;ltude t o  a broad miniinurn 

a t  t h e  top  of t h e  f l i g h t  path which occurs a t  about 630 sec. On t h e  descent 

of t h e  vehicle t h e  spectrometer current  of peak 16 3egins t o  increase and 

rises t o  EL d i s t i n c t  maximum value,with value greazer than ar;y other  current ,  

a t  approximately 1000 sec. ,  which corresponds t o  an a l t i t u d e  of apl;rDxirnr.tely 

370 h. 

On t h e  telemetry record, Figure 16, each of these  i s  

The da ta  on t h e  downward f l i g h t  of t he  v e X c l e  i s  cons is ten t  with present 
+ understanding of t h e  s t ruc tu re  of t h e  ionosphere with 3 

i on  (Hanson, 1961). 

decreases with t i m e  l eads  one t o  believe t h a t  these  are contaminants associated 

with outgassing of t he  instruments or perhaps a s s x i a t e d  with a smoldering 

rocket after burn out. These cor,tamir?nts may then wdergo charge exchsnge 

and rearrangement c o l l i s i o n s  with t h e  primary 016 

being the  dominant 

The f a c t  t h a t  each of t h e  o ther  observed peaks generally 

16 

+ Tons and then be detected 
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. +  
when t h e  concentratioc of cor,taiimr-ts i s  g rea t e s t  t h e  0 i o n  near t h e  16-, . 

~ _ . J _  i !?C-  
a n t i a l l y  depleted due t o  charge exkhange with these  

cmtaminants,  whereas on t h e  ret ,wn path throtlgh t h e  F region t h e  . I  con- 

taminant concentration i s  subs tan t ia l ly  reduced anc: hence t h e  016 + -  con- 

cent ra t ion  i s  not depleted. Fv-ther evidence i n  suppart of t h i s  conclusion 

i s  t h a t  t h e  sum of  a l l  currents  on ascent  Is &?proximately the  same as t h e  

m r z  3f a l l  current  on descent. 

The expression relating t h e  ion concer+t-ati;- t o  ion current  i s  given 

by Equatior, 9. The c c x e n t r a t i o n  oA Q16 f- is deterxi1:ed an a functiorl oi' 

a l t i t u d e  for  only the  downward portion of t h e  : l ight  and t h e  sestrlts arc 

presented i n  F i g u e  19. I ,  

Figure 19 i s  obtained by calculat ing ic:. zJ;,:ectratigns a t  oxly thr 

peaks values ir, t he  spectrometer ccrrent  cu,nir@s f o r  0 + wit,h- tile q s s l ~ ~ p j . ~ r ,  it5 
t n a t  t he  vehicle i s  i n  i t s  most forward 13>k::& pasi t ion,  i . e .  8 = 8 min .  

._ 
- .  * . .  snd y = 20 0 , The maximum value r;f t h e  016 +. coccc::tration i s  found t o  (3ccllr 

, .  

a t  an a l t i t u d e  of approximte ly  310 k i l m e t e r s .  

vehic le  motion and t h e  problem of per iodic  sarnplings pre  

it is very possible  t h a t  t h e  peak of t h e  F reg lsn  was no 

ground based ionosonde measurements i nd ica t e  t h e  peak of t h e  F regiori to be 
4 

between 320-350 k i l m e t e r s ,  and a maximwr, coment ra t ion  of  8.8 x 10 ions/cm'. 

Due t o  t h e  nature of t h e  

This value i s  nearly a f a c t m  of 5 g rea t e r  than the  "IC;  + concent ra t ion  a s  

masirred by t h e  ior,  mss spectrometer. %e sraLler cs reec t ra t ions  :' ,> $. 1G ' 
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a t  t h e  higher a l t i t u d e s ,  a r e  d i f f i c u l t  t o  detelmine i n  that t h e  ion cur ren ts  

are down i n  t h e  noise and are t h i s  bard t=, 2is t inguish from t h e  background. 

This  gives r ise  to t h e  s c a t t e r  i n  t h e  da ta  a t  t h e  higher a l t i t udes .  

The discrepancy between t h e  ionosonde measurements and t h e  ion  mass 

spectrometer measurements may i n  p a r t  be explained by t h e  p o s s i b i l i t y  thab  

t h e  i o n  mass spectrameter did not p ick  up t h e  F peak as discussed above. 

T1.6~ argmezt z a ~ = ~ t ,  hoxsver, acco'rint f o r  t l i e  eii%ire Bi screpancy. 

experiments i nd ica t e  t h a t  f o r  a d i rec ted  beam of ions  t h e  transmission 

f a c t o r  of t h e  spectrometer i s  dependent upon t h e  angle of a t tack .  

Laboratory 

Since 

t h e  experiment w a s  designed for  0" angle of a t t a c k  t h e  e f f e c t  on the  t rans-  

mission f a c t o r  f o r  l a r g e  angles was not pursued and i s  not accurately 

known. 

Conclusions 

The i o n  mass spectrometer t h a t  w a s  flown on t h e  Jave l in  8.03 

vehic le  d id  a w a r  t o  be functiocing properly. 

and i m  concentrat ims were measured. 

o r i en ta t ion  which complicated the  i n t e r p r e t a t l o n  of t h e  data. 

peaks of mass number 16, 18, 30 and 46 were detected and mass numbers 18, 

30 and 46 are presumed t o  be contaminants which charge exchange with t h e  

016 ions.  The concentration 02 016 w a s  measured as a function of a l t i t u d e .  

The transmission f a c t o r  of t he  ion  mass spectrometer f o r  l a rge  angles of 

a t t a c k  i s  not adequately known, hence the re  e x i s t s  a discrepancy between 

t h e  absolute magnitude of t h e  0 

based ionosonde measurements. For f u t u r e  use of t h e  ion  mass spectrometer 

on rocket flights, it w i l l  be necessary thax t h e  instrument be thoroughly 

Ion  mass peaks w e r e  detrxted 

The vehicle d id  not assume t h e  planned 

Ion  nass 

+ + 

(I 

i- 
concentration a t  t h e  F peak and ground L6 
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outgassed before operation azd i w l a t e d  from possible rocket engice 

c o n t d n a t i o n  t o  suppress t h e  detection nf contzmirants. 

GEXEX-IIl, CONCLUSIONS 

Although it w a s  disappointing t h a t  all of the  object ives  of this 

program could not be m e t  due t o  the failure of the  Light Ion Mass 

Spectrometer i n  the  Javel in  8.03 flight, nevertheless much useful 

S c i e ~ t L f i c  frstcms-tias k.;ts resulted Tiwm Vne s tud ies  of' t he  s t ruc tu re  of 

t h e  ionosphere conducted under t h i s  contract .  

r e s u l t  w a s  t he  observation of temperature s t r a t i f l c a t i o n  i n  t h e  E-region 

of t h e  ionosphere observed ofi t h e  ?Eke-Apache 14.110 f l i g h t .  

inves t iga t ion  i n t o  t h i s  phenomenon seems warranted t o  a i d  i n  t h e  under- 

standing of t he  physical proces:,es which can cause such a s t r a t i f i c a t i o n .  

Trobably the  most s t a r t l i n g  

Further 

It i s  c l ea r  now t h a t  one cannot depend upon sounding rockets  t o  behave 

as predicted and i f  rocket or ien ta t ion  i s  important then devices t o  determine 

t h e  rocket or ien ta t ion  should be included i n  t i e  rocket payload. 

of tile Jlaveiin 8.03 data was made very d i f f i c u l t  because of t h e  rocket 

behavior and a l s o  because the  rocket angle of a t t ack  was not known. 

The analysis 

Even with those d i f f i c u l t i e s ,  usefu l  information has been obtained from 

t h e  Jave l in  data. 

a l t i t u d e  range of t h e  rocket and ion temperature readings were computed 

near t h e  peak of t h e  rocket t r a j ec to ry  where t h e  ion  ve loc i ty  exceeded t h e  

rocket ve loc i ty  and vehicle or ientat ion was not important. 

A t o t a l  ion concentration p ro f i l e  w a s  obtained over t h e  

A somewhat surpr is ing r e s u l t  from t h e  Jave l in  mass spectrometer w a s  

t he  extensive presence of ion contaminants caused, presumably, from rocket 



outgassing and charge exchange reactions. 

the necessity of usirg soae scheme for iscllating the MSS spectrometer 

from these outgassing products. 

rocket motion it was possible t c  obtain a well-defined profile for 0 

ions over the altitude range of the rocket. 

heavy ions was masked by the outgassing of the vehicle. 

This outgassing problem suggests 

Even with this problem and the unusual 
+ 

16 
The presence of any ambient 
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